
CELL POPULATION CHANGES IN THE INTESTINAL

MUCOSA OF PROTEIN-DEPLETED OR STARVED RATS

I . Changes in Mitotic Cycle Time

INTRODUCTION

The intestinal epithelium constantly undergoes
renewal, cells being produced in the crypts and
subsequently moving onto and up the villi . They
are eventually lost from the tips of the villi . Many
factors such as age (1-3), partial resection of the
intestine (4), various hormones (5), intestinal
flora (6), and irradiation (7-9) have been shown
to affect the rate of renewal.

That the nutritional state of the animal affects
intestinal renewal has also been demonstrated .
There is generalized atrophy of both the muscular
and mucosal layers of the intestine in response to a
low-protein, protein-free (10-12), or starvation
diet (13) . Denuded villi are sometimes seen in
protein-deficient pigs, indicating that renewal has
not kept up with desquamation (10) . A straight-
ening of the nuclear line is seen in crypts of pro-
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ABSTRACT
The effect of a protein-free diet and starvation on the duration of the rat ileal crypt cell
cycle time was studied by Quastler's technique of labeled mitoses. Rats were fed a protein-
free diet for 3, 7, or I 1 wk or were starved for 7 or 10 days . Progressive protein depletion
resulted in a progressive lengthening of the cycle time (GT), due primarily to a lengthening
of the synthetic phase (S) of the cycle . The presynthetic gap (GI) was the same as the control
value after 3 wk and lower, but not significantly so, due to the large variability, after 11 wk .
The duration of the postsynthetic gap (G2) plus mitotic phase (M) was not affected by the
diet. As the dietary stress became more severe, the cell cycle also became more variable .
Although the GT of rats starved for as long as 10 days was only slightly different from the
control, the relative duration of the components of the cycle changed significantly . S and G2
were longer in the starved animals while GI was of shorter duration .

tein-depleted humans (14) . Since crypt cells move
out of line when they undergo mitosis, this would
suggest a decrease in the amount of division . An
increased labeling index in the crypts of the mon-
key jejunum indicates that protein deprivation may
lead to a lengthening of the cell cycle and a slower
migration of the cells up the villi (15) . 1-6 days of
starvation results in a decrease in the mitotic
activity, impaired cellular differentiation, and de-
creased migration rates in the crypts and villi of
rats and mice (16-19) . An S period of 5-6 hr in
the intestinal crypts of newborn chicks increases
to 7 hr in chicks starved for 3 .5 days (20) .

In an attempt to determine the effect of pro-
gressive degrees of starvation and protein deple-
tion on intestinal mucosal cell renewal, Hopper et
al. (21) found that the crypt cell population de-
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clined steadily through 10 days of starvation and
11 wk of protein-free diet. However, the number
of cells per crypt synthesizing DNA and dividing
remained constant . Since the cell population was
falling, this resulted in increased labeling and
mitotic indices. When an explanation was sought
for the fact that the cell population was falling
even though the same number of cells was divid-
ing, two possibilities presented themselves . There
could be a change in the crypt cell cycle time and/
or a change in the rate of migration of cells from
the crypts onto and up the villi .

This study was undertaken to determine the
effect of starvation and protein depletion on the
duration of the crypt cell cycle and its component
parts .

MATERIALS AND METHODS

Male Wistar rats from the Camm Research Institute
in Wayne, N. J ., were used in these studies . At the
beginning of the experiments they were approximately
60 days old and weighed 200-250 g each . Groups of
25 rats were starved for 7 or 10 days or were fed a
protein-free diet (PFD) (22) for 3, 7, or 11 wk . Con-
trol rats were fed an 18% casein agar gel diet (22)
ad libitum . All animals were provided with as much
water as they desired .

After the animals had been fed the diet for the
stated period, they were injected intraperitoneally
with tritiated thymidine (thymidine- 3H) (70 µCî/100
g of body weight) . All injections were made between
8 :00 and 9 :00 a.m. Initially, the rats were sacrificed
at hourly intervals for 12 hr and at 14, 16, and 18 hr
postinjection In later experiments animals were not
sacrificed between 4 and 7 hours since 100 0/0 of the
mitotic figures were always labeled at that time .

A small piece of intestine approximately 1 cm from
the ileocecal junction was removed, fixed in cold
acetic alcohol (1 :3), hydrolyzed in 1 N HCI, and
stained by the Feulgen procedure . Individual crypts
were dissected free and squashes were made (23) .
Radioautographs were made with Kodak nuclear
NTB liquid emulsion . A minimum of 30, and usually
more than 50, mitotic figures were scored, as labeled
or unlabeled, for each animal. A plot of the per cent
labeled mitoses vs . time after injection of thymi-
dine- 3H was used to determine the length of the
various stages of the cell cycle (24, 25, 26) . From such
a plot (Fig . 1) the total cycle time (GT) is the time
elapsed between the point where 50% of the mitoses
are labeled on the first ascending limb of the curve to
a point where 50% are labeled on the second ascend-
ing limb . The duration of the postsynthetic gap (G2)
plus one-half of the mitosis (1 /2 M) is the time elapsed
between the time of injection and the time when 50%
of the mitotic figures are labeled on the first ascending
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limb. Using 1 hr as the duration of mitosis (27), the
time of G2 may be calculated . The duration of the
synthetic phase (S) is determined from the curve as
the time from the point at which 50% of the mitoses
are labeled on the first ascending limb to the time at
which 50% are labeled on the first descending limb .
The presynthetic gap (GI ) may then be calculated by
subtracting the durations of S, G2, and M from that of
GT.

RESULTS

From the labeled mitoses curve (Fig . 1) the times
in hours of the total cell cycle and its individual
phases in the fully fed rats were determined to be :
GT, 11.6; G2 î2M,0.8;G2,0.3 ;S,8.2;G1,2.3 .

Starvation had little effect on the total cell cycle
time (Table I). However, there were significant
changes in the lengths of the different phases of
the cell cycle . The first ascending limb of the curve
after 7 days of starvation rose more gradually
shan that of the controls, the effect being even
more pronounced following 10 days of starvation
(Fig . 1) . Although M is believed to last for 1 hr
in the controls, an accurate estimate of the effect
of starvation or protein depletion on M and G2
was difficult to obtain . Therefore, the data have
been expressed in terms of G2 plus one-half M .
10 days of starvation resulted in a significant in-
crease in the length of this phase to 1 .12 hr . The
duration of S also increased in response to starva-
tion, being significantly different after 10 days .
After 7 and 10 days starvation, S was 8 .5 hr and
10.1 hr, respectively . In contrast to these changes,
the duration of G1 fell to 1 .2 hr and 0 .4 hr follow-
ing 7 and 10 days starvation, respectively .

Protein depletion resulted in a significant length-
ening of the total cycle time (Fig . 2) . After the
animals had been fed the diet for only 3 wk, the
cycle was significantly increased from 11 .6 to
13.5 hr (Table I) . The crypt cells of animals
which had been deprived of protein for 11 wk
showed another significant increase in total cycle
time to approximately 16.2 hr. After 3 wk of
protein-free diet, the duration of GI rose slightly
but, as in the starved animals, the duration of
the GI phase ultimately dropped . However, be-
cause of the high variability of GI, the changes
were not significant . The greatest change in the
mitotic cycle occurred in the duration of the S
phase. After only 3 wk of protein depletion, this
phase had increased to 9.9 hr, after 7 wk to 11 .7
hr, and after 11 wk to 13 .4 hr; all values were
significantly different from the control value of 8 .2



TABLE I

The Effect of Starvation and Protein-Free Diet on the Duration (in Hours) of the Mitotic Cycle of Crypt Cells

* Results are expressed as mean f SE of the mean .
$ Significantly different from the control at the 5% confidence level .
§ The SE could not be computed .
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FIGURE 1 The effect of starvation on crypt cell cycle time .

hr. The duration of G 2 plus one-half M was not
altered over the course of protein depletion.

DISCUSSION

Loran and Crocker (4) reported that the rat ileum
crypt cell cycle was 9.4 hr with an S phase of 8 .2
hr. The present determination of the crypt cell
cycle time in the rat ileum (control animals) indi-
cated a GT of 11 .6 hr. G1, was 2.3 hr, S was 8 .2
hr, and G2 plus one-half M was 0.8 hr. The dis-
crepancy between the two studies may lie in the
determination of Gl and/or G 2 and could also be
the result of strain differences (Sprague-Dawley
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rats in the earlier work and Wistar rats in this
study) . Differences in crypt cell cycle times have
been observed in mice of two different strains (28) .

Most investigators have suggested that the Gl
phase is the most variable component of the cell
cycle (2, 27, 29) . On the other hand, it has been
shown that low doses of chronic irradiation lead to
a change in the Gt and/or S phase of the mouse
duodenal crypt cells (8) . Additionally, germ-free
mice have a longer crypt cell cycle time than con-
ventional mice, and the changes are in S and GI

(6) . Changes in both GI and S have also been ob-
served in rats infected with nematodes (30) . In the
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Treatment GT Gt S G2+3AM

Control 11 .6 f 0.86* 2 .3 f 0 .76 8 .2 f 0 .40 0.80 f 0 .01

Starved
7 days 10 .8 f 0.38 1 .2 f 0.29 8 .5 f 0.25 0.80 t 0 .01

10 days 11 .9 f 0.50 0 .4 f 0.40$ 10 .1 f 0.25$ 1 .12 f 0 .15$

PFD
3 wk 13 .5 t 0.59$ 2 .5 t 0.54 9 .9 t 0.221 0.70 f 0 .10
7 wk 12 .9§ - 11 .7$,§ 0 .90 ± 0 .05
11 wk 16 .2 t 2.151 1 .7 f 1 .73 13.4 - 1 .26$ 0 .80 -0 .15
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FIGURE 2 The effect of protein-free diet on crypt cell cycle time .

present paper, it has been shown that starvation
and PFD will result in significant changes in both
the S and G I phases of the cell cycle .
As the dietary stress became more severe, the

duration of the cycle time became more and more
variable among the cells . If all the cells had exactly
the same GT, the labeled mitoses plot would
remain at 070 labeled for a period (after the iso-
tope injection) equal to G 2 and M, rise abruptly
from 06/0 to 10070 labeled, remain at 100%
labeled for the duration of S, and then fall abruptly
to 0% labeled (31) . Individual cell variations
modify this ideal curve, causing it to rise and fall
more and more gradually as the variability of the
different phases is compounded (25) . The in-
creased variability observed in these experiments
was particularly pronounced in the protein-de-
pleted animals . The curves rose and fell more
gradually as the animals were depleted for 3, 7,
and 11 wk. In addition, the minimum point on
the descending limb was progressively higher as
the duration of protein depletion increased .

The causes for the changes in the cycle times and
its component periods are a matter of speculation .
Some of the processes occurring before a cell can
undergo mitosis include the reproduction of cen-
trioles, mobilization of the mitotic apparatus, and
duplication of DNA and chromosomes (32) . Ex-
periments with human amnion cells (33) have
suggested that at least some new protein molecules
must be synthesized in G 2 before a cell can enter
mitosis. Mobilization of enzymes must also take
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place before DNA can be synthesized . Since a full
complement of DNA must be synthesized before a
cell can divide, an increase in the duration of S
might indicate a decrease in the rate of synthesis
of DNA. This could result if enzyme levels were
lowered or if energy requirements could only be
met more slowly. Inhibition of oxidative phos-
phorylation can also prevent a cell from entering
into the synthetic or mitotic phases of the cell
cycle (34) .

The observations in these experiments do indi-
cate that part of the decline in crypt cell popula-
tion of the protein-depleted animals is related to
the increased cell cycle time . The increased label-
ing index in crypts, noted in the earlier experiment
on protein-deprived rats (21) and monkeys (15),
also could be the result of the lengthening of the
cell cycle time .

This investigation was supported by United States
Public Health Service Research Grants No . AM-
04341 and GM 835 .
Received for publication 15 December 1970, and in revised
form 29 January 1971 .

BIBLIOGRAPHY

1. FRY, R. J. M ., S. LESHER, and H. I . KOHN . 1962.
Influence of age on the transit time of cells of
the mouse intestinal epithelium . III . Ileum .
Lab. Invest . 11 :289 .

2. THRASHER,J. D ., and R . C . GREULICH. 1965 . The

a



duodenal progenitor population . I . Age related
increase in the duration of the cryptal progeni-
tor cycle . J. Exp . Zool. 159 :39 .

3 . LESHER, S., R . J . M. FRY, and H . I . KOHN. 1961 .
Aging and the generation cycle of intestinal
epithelial cells in the mouse . Gerontologia. 5 :176 .

4. LORAN, M . R., and T . T. CROCKER . 1963 . Popu-
lation dynamics of intestinal epithelia in the
rat two months after partial resection of the
ileum. J. Cell Biol . 19 :285 .

5. LEBLOND, C. P., and R. CARRIERE . 1955. The
effect of growth hormone and thyroxine on the
mitotic rate of the intestinal mucosa of the rat .
Endocrinology . 56:261 .

6 . LESHER, S ., H. E . WALBURG, and G. A. SACHER .
1964. Generation cycle in the duodenal crypt
cells of germ-free and conventional mice .
Nature (London) . 202:884.

7 . PATT, H. M., and H. QUASTLER. 1963 . Radiation
effects on cell renewal and related systems .
Physiol . Rev . 43 :357 .

8 . LESHER, S ., R . J. M . FRY, and G. A. SACHER .
1961 . Effect of chronic gamma irradiation on
the generation cycle of the mouse duodenum.
Exp. Cell Res. 25:398 .

9. BAKER, D. G., and A. F. HOPPER . 1968 . Crypt cell
population changes in the rat intestine during
injury and repair after fast neutron irradiation .
Radial . Res. 34 :555.

10. PLATT, B . S., C. R. C. HEARD, and R. J. C .
STEWART. 1964 . The effect of protein-calorie
deficiency on the gastrointestinal tract . In
Role of the Gastrointestinal Tract in Protein
Metabolism. H. N. Munro, editor. F . A. Davis
Company, Philadelphia, Pa .

11 . HIRSCHFIELD, J . S., and F . KERN . 1969. Protein
starvation and the small intestine . III . In-
corporation of orally and intraperitoneally
administered L-leucine-4,5- 3 H into intestinal
mucosal protein of protein-deprived rats. J.
Clin . Invest. 48:1224.

12. MADI, K. 1969 . A protein-deficient diet : effect
on the liver, pancreas, stomach and small
intestine of the rat . Arch. Pathol . 89 :38 .

13. HINDMARSH, J . T., P. KILBY, B. Ross, and G.
WISEMAN. 1967. Further studies on intestinal
active transport during semistarvation . J.
Physiol . 188 :207 .

14. MAYORAL, L. G., K. TRIPATHY, F . T . GARCIA,
S. KLAHR, O. BOLANOs, and J . GHITAS . 1967 .
Malabsorption in the tropics : a second look .
I . The role of protein malnutrition . Amer . J.
Clin . Nutr . 20:866 .

15 . DEO, M. G., and V. RAMALINGASWAMI. 1965 .
Reaction of the small intestine to inducted
protein malnutrition in rhesus monkeys-a
study of cell population kinetics in the jejunum .
Gastroenterology . 49 :150 .

16 . DILLER, I . C., and B. M. BLAUCH . 1946. The

influence of diet on mitotic division in the
intestinal epithelium of the mouse. Growth .
10 :331 .

17. LESHER, S ., A. SALLESE, and G. SACHER . 1959.
The effect of starvation on the duodenal
epithelium . Anat. Rec . 134 :677 .

18. HOOPER, C. S., and M . BLAIR . 1958. The effect
of starvation on epithelial renewal in the rate
duodenum . Exp. Cell Res. 14:175 .

19. BROWN, H. O., M. L . LEVINE, and M. LIPKIN .
1963 . Inhibition of intestinal epithelial cell
renewal and migration induced by starvation .
Amer. J. Physiol. 205 :868 .

20. CAMERON, I . L., and G. CLEFFMANN. 1964 .
Initiation of mitosis in relation to the cell
cycle following feeding of starved chickens.
J. Cell Biol. 21 :169 .

21 . HOPPER, A. F ., R. W. WANNEMACHER, JR ., and
P. A. MCGOVERN. 1968. Cell population
changes in the intestinal epithelium of the rat
following starvation and protein-depletion .
Proc . Soc . Exp. Biol. Med. 128:695 .

22. ALLISON, J . B., R. W. WANNEMACHER, JR ., W. L .
BANKS, JR . and W. H. WUNNER. 1964. The
magnitude and significance of the protein
reserves in rats fed at various levels of nitrogen .
J. Nutr . 84 :383 .

23. WIMBER, D ., and L . F. LAMERTON . 1963 . Cell
population studies on the intestine of the con-
tinuously irradiated rats . Radial. Res. 18:137.

24. QUASTLER, H ., and F. G. SHERMAN. 1959. Cell
population kinetics in the intestinal epithelium
of the mouse . Exp. Cell Res. 17:420.

25. WIMBER, D . E. 1960. Duration of the nuclear
cycle in Tradescantia paludosa root tips as meas-
ured with 3H-thymidine . Amer. J. Bot. 47 :828 .

26. CAIRNIE, A . B., L. F. LAMERTON, and G . G .
STEEL. 1965 . Cell proliferation studies in the
intestinal epithelium of the rat . I . Determina-
tion of kinetic parameters. Exp . Cell Res. 39 :528 .

27. CAMERON, I . L., and R. C. GREULICH. 1963 .
Evidence for an essentially constant duration
of DNA synthesis in renewing epithelia of the
adult mouse . J. Cell Biol. 18 :31 .

28. FRY, R . J . M., S. LESHER, W. E . KISIELESKI, and
G. S. SACIIER . 1963 . Cell proliferation in the
small intestine. In Cellular Proliferation . L. F .
Lamerton and R. J. M . Fry, editors. A Guin-
ness Symposium. Blackwell Scientific Publica-
tions Ltd ., Oxford, England.

29. QUASTLER, H . 1959. Some aspects of cell popula-
tion kinetics . In The Kinetics of Cellular
Proliferation. F. Stohlman, editor. Grune and
Stratton Inc ., New York .

30. SYMONDS, L . E. A . 1965 . Kinetics of the epithelial
cells, and morphology of villi and crypts in the
jejunum of the rat infected by the nematode
Nippostrongylus brassiliensis . Gastroenterology . 49 :
158 .

P. M . ROSE ET AL. Cell Population Changes in Intestinal Mucosa 891



31 . QUASTLER, H . 1963 . The analysis of cell popula-
tion kinetics . In Cell Proliferation . L. F . Lamer-
ton and R. J. M. Fry, editors . A Guinness
Symposium. Blackwell Scientific Publications
Ltd., Oxford, England.

32 . MAZIA, D. 1961 . Mitosis and the physiology of
cell division. In The Cell. J . Brachet and A. E .
Mirsky, editors. Academic Press Inc., New
York .

892

	

THE JOURNAL OF CELL BIOLOGY • VOLUAE 50, 1971

33 . DONNELLY, G. M., and J . E . SISKEN . 1967. RNA
and protein synthesis required for entry of
cells into mitosis and during the mitotic cycle .
Exp. Cell Res. 46:93 .

34 . WEBSTER, P. L., and J . VAN'T HOF . 1969. De-
pendence on energy and aerobic metabolism
of initiation of DNA synthesis and mitosis by
G I and G2 cells . Exp . Cell Res. 55 :88 .


